Aliphatic isocyanurates are nowadays used routinely in the development of advanced materials like polyurethane nanocomposites and 3D-printed components, due to their versatile reactivity and the good mechanical and optical properties they confer to the final material. In these applications, a control of the properties at the micro-and nanoscale is desired, therefore a deep understanding of intermolecular interactions is required. Using ab-initio calculations and molecular dynamics simulations, the intermolecular interactions of aliphatic isocyanurates are investigated in detail. The presence of an isocyanate-isocyanurate interaction is demonstrated, and the strong dispersion character of isocyanurate-based interactions is revealed. Calculations of the free energy of binding of the different interactions in gas and liquid phase are provided. The microscopic structure of aliphatic functional and non-functional isocyanurates is analysed and related to the different interaction types, and finally their possible relationship with macroscopic dynamic variables is discussed.
Introduction
Isocyanates are one of the most important families of molecules in modern chemistry. Long-time known for their role as polyurethane building blocks [1] , their peculiar chemistry and reactivity makes them very appealing for other applications, such as surfaces and nanocarriers functionalization [2, 3, 4, 5] , stable matrix for non-linear optically (NLO) active devices [6] , design of complex surfaces [7] , synthesis of artificial proteins [8] , and their use in this sense is expected to grow as new synthesis routes involving isocyanates [9, 10] and novel processing techniques, such as molecular layer deposition [11] , are developed.
Remarkably, isocyanates play a prominent role in graphene based nanocomposites, as they are used to functionalize graphene oxide [12] , making it possible to join the very interesting properties of graphene with the versatility of isocyanate chemistry. In this sense, isocyanate-functionalized graphene oxide was used to craft flexible energy storage devices [13] and nanocatalysts [14] . These molecules have received also interest in the field of reactive inkjet 3D printing [15] , with potential application for biomaterials [16] . Moreover, if nanocomposite-based reactive inks could be used, this would lead to the development of printable devices with tunable properties and functionality.
For such purposes, a good candidate amidst others is represented by aliphatic trifunctional isocyanurates, obtained by trimerization reaction of linear diisocyanates (Fig. 1) . They combine the possibility to control the viscosity of precursors during processing with a high crosslinking capability, in addition to good optical and mechanical properties [17, 18, 19, 20, 21, 22] , which were exploited to build shape memory materials for bioapplications [23] .
In a previous work [24] , the viscosity of various aliphatic isocyanurate liquids, both functional and non-functional(i.e. without any free NCO groups) was measured. It was shown that the viscosity of functional isocyanurates is at least three orders of magnitude larger than that of their diisocyanate precursors (e.g. 614 mPa • s for HDI trimer [24] compared to 2.3 mPa • s for HDI [25] ) and increasing as the alkylene chain-length between the isocyanate and isocyanurate decreases. Conversely, a weak dependence on alkylene chain length was found in the case of non-functional molecules, and smaller viscosities (200 mPa • s) were found. Even though this behaviour was explained by hypothesizing the presence of a previously unnoticed isocyanate-isocyanurate ring interaction, the details of its cause and nature remain unclear.
This study aims to investigate the intermolecular interactions of aliphatic isocyanurates from a fundamental level, using ab-initio methods such as Density Functional Theory (DFT) and Symmetry Adapted Perturbation Theory (SAPT), in order to properly characterize them and define their origin. In addition, the local structure properties of isocyanurate liquids are studied by means of Molecular Dynamics (MD) simulations, so that their microscopic features can be revealed.
Methods
DFT, MP2 and CCSD(T) calculations were performed using the Gaussian 09 code [26] . Concerning DFT, the B3LYP [27] and the APFD [28] hybrid functionals were used, chosen because widely applied for organic molecules and capable to treat dispersion forces. In the first case, the Grimme's D3 empirical dispersion correction, with BeckeJohnson damping [29, 30] , was included. In APFD, the empirical dispersion is already embodied in the functional. Post Hartree-Fock calculations were performed using the Dunning's augmented correlation consistent basis sets [31] . A Gaussian triple-zeta basis set with polarizable and diffuse orbitals [32, 33, 34] 6-311++G(d,p) was preferred to the aug-cc-pVTZ set in all DFT calculations. All geometrical optimizations were conducted using tight convergence criteria, corresponding to a force threshold of 0.012 kcal/(mol • Å) per atom. The dimer interaction energy is defined as E int = E AB − E A − E B , where E AB is the complex energy in the optimized geometry and the monomer energies E A and E B are calculated without any further optimization. All E int calculations are counterpoise-corrected [35] . SAPT [36] calculations were performed using the Psi4 code [37] on B3LYP-D3BJ/6-311++G(d,p) optimized structures, using Dunning's double zeta basis sets. The non-covalent interaction NCI analysis [38] was performed with the MultiWFN software package [39] , used to analyse and elaborate the electron densities obtained from B3LYP calculations. The NCI method is based upon the analysis of the reduced density gradient s, defined as:
q being the electronic density, and identifies the non-covalent interaction by the presence in s(q) of regions in which both the density q and its second eigenvalue k 2 are small. s(q) isosurfaces can be plotted and coloured according to sgn(k 2 )q, allowing the visualization of non-covalent interaction sites. Molecular dynamics simulations were performed using LAMMPS [40] . Isocyanates and related molecules were modelled using a specifically developed GAFF-based force field [41] . For free energy calculations, the potential of mean force (PMF) was estimated through the adaptive biasing force (ABF) method using the collective variable COLVARS [42] module, distributed within LAMMPS. To simulate the gas phase, molecules were put in a very large box (200 Å length), without periodic boundary conditions, using a cutoff for all pair forces of 80 Å, a Langevin thermostat with a damping constant of 5 ps −1 and a timestep of 1 fs. The gas-phase free energies were calculated from 1 ls simulation runs. Liquid simulations were run under NPT conditions. Periodic boxes containing 343 molecules were equilibrated for 100 ps at 298.15 K and 1 atm, with a 1 fs timestep, using a Nosé-Hoover thermostat [43] and barostat [44] with damping constants of 0.1 and 1 ps −1 , respectively. All pair forces were calculated directly using a cutoff radius of 13 Å. Long-range forces were treated using the Particle-Particle-Particle Mesh (P3M) method, applied for both electrostatic [45] and Van der Waals [46] interactions. Concerning ABF liquid calculations, the collective variable was split in two non-overlapping windows of 7.5 Å each, and 50 ns of simulation per window were run, meaning a total of 100 ns of simulation time per ABF calculation. To perform the local structure analysis, data were sampled each 20 ps from a 5 ns production run under NVE conditions, starting from NPT-equilibrated systems at 298.15 K and 1 atm. All MD results were obtained as averages over time and three independent production runs.
Results and discussion

Ab-initio study of isocyanate and isocyanurate intermolecular interactions
Assessment of the accuracy of ab-initio methods for isocyanates and isocyanurates
Throughout this work, DFT and SAPT methods were used to calculate the interaction energies (E int ) of isocyanate and isocyanurate dimers. It is important to have an idea on the accuracy of these methods for such molecules. For this purpose, a test set of 16 small molecule dimers, built starting from methane, isocyanic acid (IC), methyl isocyanate (MIC) and formaldehyde, was introduced. An isocyanuric acid-methane dimer was also included to consider dispersion ring-based interactions. Optimized structures at the mp2/augcc-pVTZ level of theory, which can be found in Supplementary Material 2, were used to calculate the reference interaction energies, obtained with the CCSD(T)-complete basis set extrapolation scheme as described in Ref. [47] . An exception was represented by the isocyanuric acid-methane dimer, for which the CCSD(T)-cbs(aDZ) [47] method was preferred due to limits in available computational power. All results are shown in Fig. 2 .
Concerning DFT methods, the B3LYP-D3BJ and the APFD hybrid functionals were compared using the 6-311++G(d,p) basis set, and showed similar performance. APFD, with a mean absolute error (MAE) of 0.16 kcal/mol, behaved slightly better than B3LYP-D3BJ, that scored a MAE of 0.20 kcal/mol. However, it showed a slight tendency to overestimate the reference E int throughout all the set, particularly evident for the ICU-CH4 dimer. To further compare the methods, the S22 [47, 48] benchmark was performed, revealing that B3LYP-D3BJ/6-311++G(d,p), with a MAE of 0.25 kcal/mol, represents an overall better choice, while APFD/6-311++G(d,p), with a MAE of 0.86 kcal/mol, greatly overestimated the interaction energy of both dispersion-dominated and strong H-bound complexes (see Supplementary Material 1).
For perturbative methods, a comparison on the isocyanate test set has been performed between the SAPT0/jun-cc-pvdz, SAPT2/augcc-pVDZ and SAPT2+/aug-cc-pVDZ, the last of which was suggested as a possible reference method for medium-size problems [49] . Higher order SAPT methods were precluded due to the size of the studied systems. It was found that SAPT0/jun-cc-pVDZ and SAPT2/aug-cc-pVDZ provide a similar, poor, accuracy. In particular, SAPT2 method systematically underestimates the interaction energies. In turn, SAPT2+ method provided much better results, with a MAE of 0.20 kcal/mol on the isocyanate set and of 0.34 kcal/mol for the S22 benchmark [49] , making it the best available choice for SAPT calculations in this context.
Interaction energies of model bimolecular complexes
Isocyanurates interactions could be decomposed as the sum of independent contributions, that is NCO-NCO (NN), NCO-isocyanurate Table 1 Interaction energies (in kcal/mol) of model dimers, calculated at the B3LYP-D3BJ level of theory and using SAPT2/SAPT2+ methods. Table 1 and Fig. 3 . The first group, which contains dimers involved in NN contacts, has the weakest E int . The interaction energy seems to be weakly dependent on the alkylene chain length, while being influenced by the presence of NCO groups not directly involved in the contact, undergoing long-range electrostatic interactions. These effects are stronger for shorter molecules, in which the peripheral NCO groups are generally closer.
NR interactions, in the second group of Table 1 , are a specific feature of systems containing both isocyanurate rings and isocyanate groups. For all the systems investigated, the geometrical optimization always led to a structure similar to that reported in Fig. 7 : the NCO carbon adopts a bridge position with respect to the underlying ring NC bond, whereas the NCO oxygen places itself approximately along the ring axis. Their energy is of the same order of magnitude as NN contacts.
The strongest binding can be achieved with RR-type interactions, with E int always lower than −10 kcal/mol. The lowest interaction energies were obtained with a perfectly parallel stacking of the two molecules along the axis that passes through their ring centres, with a relative rotation of p/6. This conformation is invariant under p/3 rotations of one of the molecules around its axis. Longer alkylene chains extent always normally to the ring plane(i.e. either up or down), leading to several possible stable minima, all of which showed comparable energies.
A3MIC dimers provided slightly weaker E int than 3MIC dimers. The presence of two minima in Table 1 is due to the fact that the asymmetric ring dimer breaks the rotational symmetry and allows for two parallel stacked stable conformations, with different rotation angles.
Comparing DFT and SAPT results, it is evident that SAPT2/SAPT2+ energies are always lower than B3LYP ones, especially for RR-type interactions. Yet trends are in excellent agreement everywhere, except for the RR-type interaction branch, in which DFT indicates the 3MIC/3MIC dimer as the lowest energy one, in contrast with SAPT calculations. This discrepancy could be related to the difference in treatment of dispersion between these methods and higher level of theory calculations would be required to establish which predictions are more accurate. Finally, to get an insight into the expected order of magnitude of the E int of larger molecules, the interaction energy of two stable conformations exhibiting NCO-ring interactions (see Fig. 4 ) of 3GDI isocyanurates was calculated. This revealed a relatively strong E int , probably arising from the cooperation effect of different contributions, in which NR type interactions could play a crucial role. To verify this assumption, the most energetic 3GDI dimer was modified by sequentially replacing the NCO groups by a hydrogen atom, whose position was relaxed while keeping all other atoms fixed. In Fig. 4 , along with the starting dimer representation, the resulting E int are reported.
The substitution of NCO groups labelled 1 and 3 increases the initial E int by 6.86 and 5.72 kcal/mol, respectively. In contrast, the removal of the NCO group labelled 2 accounts for an increase in E int of 1.52 kcal/mol only. NCO groups 1 and 3 could then be identified as involved in NR contacts, accounting for 71.5% of E int . This also proves the consistency of the interaction decomposition scheme proposed, as the residual contribution of the aliphatic chains and methane groups is small. Interestingly, if the distant NCO groups are substituted, only a small increase of E int of 1 kcal/mol can be observed, indicating that these groups bring a marginal contribution, likely only due to long-range electrostatic forces.
The data presented so far reveals that the isocyanurate ring, in both of its symmetric and asymmetric variants, is a strong noncovalent interaction site. In particular, it has been shown how it is capable of forming a perfectly stacked structure with a strong interaction energy, and to bind in a peculiar way with NCO groups. In fact, the NR contact seems to be the key mechanism to cooperatively build strong interaction energies between functional isocyanurate molecules.
SAPT energy decomposition and NCI analysis
The use of SAPT methods naturally provided a decomposition of the dimers interaction energy in terms of a clear physical meaning, allowing for a precise analysis of the nature of the different contacts. The decomposition of the attractive part of E SAPT int for the studied dimers is reported in Fig. 5 .
The SAPT energy decomposition revealed a net differentiation between NN contacts and the other types of contacts, with dispersion and electrostatic energies contributing almost equally to E SAPT int . Conversely, the dispersion energy accounts for 60-70 % of the attractive part of E SAPT int in NR contacts and, by a greater extent, in RR contacts. These calculations indicate that the interactions involving an isocyanurate ring are essentially similar, with the same prevalence of dispersion forces. The induction term provides a small contribution, being more relevant for NN and NR dimers, for which it accounts for 10-12% of the total attractive contribution.
Furthermore, an NCI analysis was performed on three model dimers, each representative of a contact type, to investigate the (black bar) and its attractive contributions, for the dimers of Table 1 , calculated using the SAPT2+/aug-cc-pVDZ method. 3GDI trimers, too large for SAPT2+ calculations, are not reported. The plot follows the same subdivision in NCO-NCO (NN), NCO-ring (NR) and ring-ring dimers (RR) as Fig. 3 . Top: ratio between the dispersion contribution and the attractive part of E SAPT int for each dimer. extension of the contact area and to gain further information on the nature of their interactions.
As it can be seen in Fig. 6 , delocalized interactions are present, as expected for weak non-covalent interactions [38] . This is true in particular for NR and RR contacts, in which the interaction region is widespread and covers almost the entire isocyanurate ring. This indicates that the interactions involve a large area of the electron density above it, due to the p orbitals normal to the ring plane from sp2 hybridized atoms. The NCI analysis suggests that ring-based dispersion forces are mostly caused by p · · · p interactions involving the p orbitals of an isocyanurate ring interacting with, for example, those of a neighbouring isocyanate group or a second isocyanurate ring. The strong dispersion forces observed for the isocyanurate rings also suggest a possible use as an alternative for non-covalent functionalization of twodimensional materials.
Local structure properties of isocyanate/isocyanurate liquids
Free energy calculations
In previous sections, it was demonstrated that the different contact types between isocyanurates possess distinctive aspects. In particular, NR contacts showed very interesting features, such as a collaborative character. The objective of the next sections is to investigate the liquid state of isocyanate/isocyanurate systems to understand not only the way these molecules locally organize, but Table 2 Free energies of binding of 3MIC and MIC dimers in the gas and liquid phase. Minimum distances refer to the gas phase. The zero value was set as the value of G b at 14 Å. The depth of the liquid MIC-3MIC minimum was measured on the metastable minimum at 3.9 Å. also the presence and stability of the discussed interactions and how they influence the local structure. The free energy of binding DG b provides information on the stability of a given dimer at non-zero temperature, and it was thus calculated, in gas and liquid phase, for the different contacts. The ring and NCO group geometric centres were taken as reference points, and their distance was defined as the collective variable for the ABF calculations. The liquid phase was simulated using a pure MIC liquid. This simplification, both in solution liquid and in the dimers involved, is necessary in order to obtain converged PMF curves in reasonable times, since more complex molecules would have required much longer simulations, because of their conformational complexity. Table 2 reports the DG
gas,liq b
for 3MIC/MIC possible dimers, along with the minimum approach distance.
In the gas phase, there is only one free energy minimum that corresponds to the most stable structure. Interestingly, the MIC-3MIC dimer has a DG gas b that is twice than that of the MIC-MIC dimer, while the DFT-calculated interaction energies were equal. The strength of ring-ring interactions is confirmed here by the strong DG of −0.22 and −0.18 kcal/mol, respectively. In the case of the MIC-MIC dimer, a relatively shallow PMF curve was found, with one weak minimum at 3.8 Å. The MIC-3MIC PMF curve, conversely, is more structured, showing one metastable minimum at 3.9 Å and another around 6 Å.
RR contacts are dominant in liquid systems, due to their stronger DG , and the longer range, producing appreciable effects up to 12 Å. Concerning the other contacts types, the NN curve has a clear minimum, however the NR curve is not trivial, confirming that both could play a significant role in the liquid phase.
Local structure characterization
MD simulations of isocyanurate liquids were performed, considering different alkylene chain lengths containing N = 3 − 6CH 2 groups (see Fig. 1 ). Non-functional aliphatic isocyanurates were also included to study systems capable of RR contacts only. For each molecule, the ring geometric centre is the most convenient choice as reference point, and it was used to calculate the intermolecular ringring pair correlation function g(r) on systems equilibrated at 298.15 K and 1 atm (Fig. 8) . Furthermore, the g(r) was decomposed by calculating, for each molecular pair, their relative tilt angle, that is the scalar product of their ring normal unit vectors,n, according to
in order to get the relative tilt angle distribution g(r, h) (Fig. 9) . The ring-ring g(r) shows several important features. Closest neighbours are located approximately at 3.5 Å, followed by a major peak around 6 Å, more pronounced for non-functional molecules. A third, smaller, peak can be identified at 8 Å, the height of which strongly depends on the alkylene chain length for functional trimers, while it is almost unchanged for non-functional ones. In the region above 10 Å, a weak modulation of the g(r) around unity can be observed for both families. Regarding the g(r, h), closest neighbours appear to stack, with a net majority of small angles. For the second peak, relative tilt angles are higher, indicating an abundance of tilted rings, that is in a "T" conformation. At larger distances, it is impossible to extract useful information, as angular isotropy is recovered.
The analysis of g(r) and g(r, h) showed that RR interactions define the liquid microscopic structure, as already indicated by PMF calculations. Indeed, the g(r) peaks and the PMF minima for the RR contacts correspond and their position is independent of either alkylene chain length or presence of NCO groups. Additionally, g(r, h) showed that close rings prefers a parallel arrangement. Thus, it is expected that, in this region, RR contacts constitute the main intermolecular contact type. It is important to note that non-functional molecules display larger g(r) at short distances, when compared to their functional counterparts. This indicates that, for the latter, RRtype interactions are partly screened. Based on the results presented in previous sections, this can be explained by the presence of NR contacts.
Characterization of NR contacts
As already mentioned, non-functional isocyanurates, at parity of conditions (alkylene chain length, temperature, pressure), typically exhibit viscosities that are 3-5 times lower compared to functional ones. In previous work, this was attributed [24] to the presence of NR-type interactions. Based on the low viscosity of linear diisocyanates, NN contacts are not expected to play a significant role. Therefore, the characterization of NR-type interactions in the liquid isocyanurates will help to verify the consistency of this hypothesis. In this regard, the distance r c between rings and -NCO group centres, belonging to different molecules, was measured for each possible pair and an NR contact was acknowledged if r c < 4.0 Å. In Fig. 10 , the radial NR contact density n c (r) is reported as a function of the intermolecular ring distance, normalized in such a way such that
is the number of contact points per molecule. It can be observed that the NR contact density is greatly influenced by the alkylene chain length, in such a way that the maximum of the distribution decreases and the width increases, for increasing alkylene chain length. The only constant feature is the small peak at 6 Å, corresponding to the first g(r) peak. The other peak at 8.2 Å, corresponding to the second g(r) peak, is clearly visible for the lighter molecules, up to N = 5, but then disappears for N = 6, which displays a different contact distribution, more skewed towards larger distances. The difference could be due to the fact that, for short alkylene chains, terminal isocyanates are constrained in their movements while, in the opposite case, the space they can explore is much larger, hence a broader distribution of chain lengths is expected. At the same time, the probability of NR contacts at shorter distances is reduced, due to excluded volume effects.
The smallest system has N NR = 0.9 NR contacts per molecule, meaning that ca. 90% of the molecules are bound in this way. N NR seems to be proportional to the alkylene chain length, although there is a net change from N = 5 to N = 6, caused by the different character of their n c (r). It can be observed that N NR correlates with the experimental viscosity trends of functional isocyanurates [24] , with higher values corresponding to higher viscosities.
In the range of short ring-ring distances, the NR contacts are absent and the interactions are dominated by the RR contacts, as already indicated by g(r) and g(r, h). However, at longer ranges, the RR contribution drops significantly, as dispersion forces decay more rapidly than dipole-dipole or any electrostatic interaction, and NR contacts provide the strongest intermolecular interaction energies. To prove this, a liquid phase simulation snapshot from the 3GDI liquid was analysed and, by using the ring-ring distance as radial variable, the DFT interaction energy of all pairs at a fixed distance, within a bin 0.1 Å wide, was calculated. Because of the large number of calculations on large systems (90 atoms), the basis set was reduced to 6-31+G(d,p). The results, divided according to the presence or absence of NR contacts, are collected in Table 3 . Although they occur less frequently, in each bin, NR-bound pairs on average have a stronger E int than non-NR bound pairs, roughly by a factor 2. This proves that the presence of NR contacts helps to strengthen the cohesive forces in the liquid, because they add a significant contribution to the intermolecular interaction energies. 
Conclusions
In this work, intermolecular interactions between isocyanurates and isocyanates have been studied in detail, both using abinitio methods and liquid-phase MD simulations. The nature of intermolecular interactions of aliphatic isocyanurate has been clarified, as well as their effect in the microscopic structure of isocyanurate liquids.
It was shown that isocyanate groups only weakly interact with one another through a combination of electrostatic interactions caused by their dipole moments and, as indicated by SAPT calculations, dispersion forces. Isocyanurate rings on the other hand were proven to be strong non-covalent interaction sites, being capable of inducing large intermolecular interaction energies as stacked dimers. This interaction is dominated by dispersion contributions, arising from the many p orbitals perpendicular to the ring plane. Such strong dispersion character suggests a possible application of isocyanurates as non-covalent functionalization agents of two-dimensional materials. Moreover, ring-ring interactions modulate the microscopic structure of isocyanurate liquids, either functional or not.
The third interaction type that was investigated, namely between isocyanates and isocyanurates, lies in between the other two, and turned out to be the key to understanding the viscosity of functional isocyanurate liquids. This interaction is of the same order of magnitude as the isocyanate-isocyanate interactions, but, unlike them, is dispersion-dominated because of the p · · · p interactions with the isocyanurate ring. In functional systems, containing both isocyanates and isocyanurates, this leads to two effects. At short distances, the presence of isocyanate-isocyanurate contacts reduces the occurrences of ring-ring stacked assemblies. At longer distances, the presence of isocyanate-isocyanurate contacts increases the intermolecular interaction energies by means of cooperative effects, in conjunction to the isocyanate dipole-dipole interactions. The second effect, long distance in nature, causes a significant increase in the cohesive forces in the liquid state, leading to increased viscosity. Thereby, it was shown that it is possible to relate the viscosity of isocyanate-isocyanurate liquids to the density of isocyanateisocyanurate (NR) contacts.
